We report the realization of a read-write device out of the ferromagnetic semiconductor (Ga,Mn)As as the first step to fundamentally new information processing paradigm. Writing the magnetic state is achieved by current-induced switching and read-out of the state is done by the means of the tunneling anisotropic magneto resistance (TAMR) effect. This one bit demonstrator device can be used to design a electrically programmable memory and logic device.
At present memory and logic fabrication are two fully separated architectures [1, 2] . While bulk information storage traditionally builds on metallic ferromagnets, logic makes use of gateability of charge carriers in semiconductors. Combining storage and processing in a single monolithic device not only would solve current technical issues such as the heat dissipation generated by transferring information between the two architectures, but also offer the possibility of a fully non-volatile information processing system. Here we present a read-write device which can be used as one element of an electrically programmable logic gate. Our structure is made from the ferromagnetic semiconductor (Ga,Mn)As, which exhibits carrier-induced ferromagnetism at low temperatures [3] [4] [5] . The 70 nm thick (Ga,Mn)As layer is grown by lowtemperature molecular beam epitaxy (MBE) on a GaAs buffer and substrate. Due to the lattice mismatch to the GaAs buffer the (Ga,Mn)As layer is compressively strained and therefore has its magnetic easy axes in the plane perpendicular to the growth direction [6] . After growth of the MBE layers, and without breaking vacuum, the sample is transferred to a UHV evaporation chamber, and 3x0.9 nm of aluminum is deposited on top of the (Ga,Mn)As layer. After deposition, each of the three Al layers is oxidized by keeping it for 8 hours in a 200 mBar oxygen atmosphere. The wafer is then covered by 5 nm Ti and 30 nm Au. The ferromagnetic transition temperature of the (Ga,Mn)As layer is 61 K as determined by SQUID (superconducting quantum interference device). Figure 1 shows the read-write device. It consists of four nanobars which are connected to a circular center region. The structure is defined using electron beam lithography and chemical assisted ion beam etching (CAIBE). The nanobars are 200 nm wide and 2 µm long. After patterning, the Ti/Au and aluminum oxide (Alox) layer are removed from the bars and each nanobar is contacted by Ti/Au contacts using a lift-off technique. The Alox/Ti/Au layer on top of the 650 nm central disk remains on the structure and acts as a read-out tunnel contact. For this purpose, the Au layer on the central disk is contacted by a metallic air-bridge [7] . Small notches are patterned at the transition from the nanobars to the central disk and serve to pin down domain walls.
Thin films of unpatterened compressively strained (Ga,Mn)As exhibit an in-plane biaxial magnetic anisotropy at low temperatures. The bars connected to the central disk are aligned with their length parallel to the magnetic easy axes of the bulk. As a result of patterning induced anisotropic strain relaxation [8] , each bar then has a uniaxial magnetic easy axis parallel to its long axis, making the bars appropriate for use of sources for current induced switching of the central disk.
Transport measurements are performed at 4.2 K in a magneto cryostat fitted with three orthogonal Helmholtz coils which can produce a magnetic field of up to 300 mT in any direction. The magnetic anisotropy of each nanobar can be measured in a two terminal configuration. The change in resistance in response to an external magnetic field is due to anisotropic magnetoresistance (AMR) [9, 10] , which shows a typical cos 2 ϑ-dependence where ϑ denotes the angle between magnetization and current. In (Ga,Mn)As, the resistance for current perpendicular to the magnetization is larger than for current parallel to the magnetization [11] . netoresistance measurements on one bar for field sweeps along various in-plane directions ϕ referenced to the [100] crystal direction. Such a measurement on a bulk piece of (Ga,Mn)As would show both high and low resistance values at B = 0 mT, as the magnetization would relax to either of the biaxial easy axes depending on the orientation of the magnetic field sweep. In contrast, the resistance of a nanobar at zero magnetic field is always in the low resistance state and independent of the field sweep direction, indicating that, in the absence of an external field, magnetization and current are always parallel to the long axis of the nanobar. The nanobars thus have a uniaxial magnetic anisotropy with its magnetic easy axes parallel to the bar.
The relatively large central disk is less influenced by strain relaxation and retains the mainly biaxial anisotropic character of the bulk material. To obtain exact information about the magnetic anisotropies of the central disk we make use of the TAMR (tunneling anisotropic magneto resistance) effect [12] . The density of states at the Fermi level in (Ga,Mn)As depends on the direction of its magnetization, which leads to a difference in tunnel resistance between the Au and (Ga,Mn)As layers. The TAMR resistance is high for magnetization along [100] (ϕ = 0
• ) and low for magnetization parallel to [010] crystal direction (ϕ = 90
• ). Fig. 3b (black) shows a TAMR measurement along the ϕ = 0
• direction. The measurement starts with applying -300 mT in the ϕ = 0
• direction and sweeping the magnetic field back to zero. The magnetization at zero field points along ϕ = 180
• . Sweeping the field to positive values, the magnetization switches at 9 mT from ϕ = 180
• to ϕ = 90
• and reverses its direction to ϕ = 0
• at 26 mT. To map the full anisotropy of the central disk, we compile the positive field half of the TAMR-measurements for various directions into a Resistance Polar Plot (RPP) [13] , shown in Fig. 2 . Red denotes high and black low resistance. The magnetic field increases with the radius in the RPP and there is high and low (red and black) resistance at zero or small positive fields. For perfectly biaxial material the switching field H c1 (where the magnetization first reverses its direction by ∼ 90
• ) along each easy axes would be equivalent. In (Ga,Mn)As, secondary anisotropy contributions cause the two H c1 to differ by typically a few percent [14] . As one can see in Fig. 2a the switching fields H c1 in our disk are quite different for ϕ = 0
• and ϕ = 90
• (H c1,0 • = 9.4 mT, H c1,90 • = 2.0 mT) reflecting a small additional magnetic anisotropy between the two easy axes resulting from strain and patterning.
Having characterized all the individual elements of the structure, we continue with its device operation. To prepare an initial state, we apply a magnetic field µ 0 H of 300 mT along the ϕ = 120
• direction and sweep it back to 0 mT. As the external field is removed, the device relaxes to a state where (Fig. 3c ) the magnetization of every nanobar is aligned along its respective long axis. • from along the long axis of the nanobar (M H) to perpendicular to it (M⊥H).
Because it is the biaxial easy axis nearest to the angle of the preparation field, the magnetization of the central disk relaxes to point along 90
• which corresponds to the low resistance state in the TAMR read out (Fig. 3b) . We define the device to be in its logical "0" state when the magnetization of the central disk points along 90
• , and to be "1" when it points along the 180
• direction. To compensate the small magnetic asymmetry of the central disk mentioned above, we apply a static magnetic field of µ 0 H = 7.8 mT along 90
• . Electrical control of the device is then implemented by making use of current induced switching [15] [16] [17] [18] . When a current flows through one of the bars with fixed magnetization, the current carrying holes acquire a polarization, and thus a defined angular momentum. As they pass from the bars into the relatively free disk, the interaction of these carriers with the local Mn moments imparts a torque onto the latter, and for currents above a threshold value, causes the moment in the central region to align to that of the bars from where the current is flowing.
By choosing the appropriate bars as current source and drain, the magnetization state in our disk can thus be fully controlled. The device is written into a "1"-state (high resistance state) by applying a current with a density of 1 × 10 5 Acm −2 between contacts A and C of Fig.  3c , the magnetization of the central disk switches from the 90
• to the 180 • direction, which results in a high resistance signal for the TAMR read-out contact (Fig. 3a) . The central disk is switched back by applying a current between contacts B and D. This current-induced switching is clearly detected in the TAMR read-out signal (Fig.  3a) . The information is written fully electrically and the information storage in the disk is non-volatile. The current density, 1 × 10 5 Acm −2 , is comparable to the current density of ref. [15] and one to two orders of magnitude lower than the densities needed in metallic memory elements [19] . The TAMR read-out measurement is done with a non-perturbative current of ∼ 1 nA which does not change the magnetic state of the central disk.
To confirm that the switching of the disk is indeed due to the spin polarization of the current, we prepare again the "0" resistance state. Applying a current along the 90
• direction (contacts B and D) does not change the magnetization of the central disk (see control pulse in Fig. 3 ). Applying the current in the 180
• direction (contacts A and C) switches the central disk to the high resistance state. We have performed similar control experiments for the 180
• direction. The clear outcome of our control experiments is that the switching of the central disk is indeed due to the spin polarization of the current and not due to heating effects, and that we can use current induced switching to control an electrically programmable logic architecture. As a final issue we note that the switching amplitude due to the current is just over 60% of the full TAMR. This is presumably due to the fact that, when electrically switched, the central disk does not behave as a pure macro spin but allows the formation of domains due to small geometrical imperfections at its edges. To further confirm that the change in resistance has its origin in a switch of the magnetization states, we sweep the static magnetic field back to zero (light gray curve in Fig. 3b ). This shows that the part of the domain which is not switched was pinned by the applied static magnetic field, and that as soon as we sweep the field back to zero, this part of the disk aligns with the electrically switched domain. By sweeping back the magnetic field to 300 mT along 180
• the magnetization remains in its position which is clear evidence that the electric current caused a magnetization reorientation of the disk.
As a first step towards a realization of a fully a programmable logic device, we described recently in ref. [20] an ultra-compact (Ga,Mn)As based memory cell. In that work, we made use of lithographically engineered strain relaxation [8] to produce a structure comprised of two nanobars with mutually orthogonal uniaxial easy axes, connected by a narrow constriction. Measurements showed that the resistance of the constriction depends on the relative orientation of the magnetization in the two bars. While very small, the functionality of the memory cell was dictated by its lithographic layout. We will now describe how a universal gate can be fabricated in (Ga,Mn)As by adding bulk biaxial anisotropy and writing of the information by electrical means to the initial concept.
Extending our read-write device from Fig. 1 to two central disks and connecting the two disks with a small constriction creates a fully electrically programmable logic and storage device. The blue shape in Fig. 4 depicts the design of such a logic device. Two central disks act as non-volatile storage units and at the same time represent the input of the two bit logic operation. The 'bit value' is represented by the in-plane magnetization • direction and back. The device can be written into a "1" (180
• ) by applying a current along 180
• . For switching back the magnetization in the "0" state one applies the same current in the 90
• direction. Having prepared the "0" state and applying a current in the 90
• direction, the magnetization of the central disk does not change (control pulse) b) full TAMR traces for the central disk (90
• red 0
• black) and back sweep of the static magnetic field to zero after switching of the magnetization (light gray). c) sketch of the experimental configuration.
direction of each disk. The element is initialized by applying a field in a specific direction and sweeping it back to zero. For example, for initializing along 120
• , the resulting magnetic orientation of the bars is as given by white arrows in Fig. 4 and the initial magnetization of both central disks points in the 90
• direction. During device operation, the configuration of each central disk can be changed into two possible magnetization directions pointing either in the 180
• or 90
• direction. A current flowing from a given bar into the disk switches the magnetization of the disk parallel to the magnetization of that bar. The constriction between the two central disks is the key to reading-out the result. As long as the connection is sufficiently narrow, the resistance between contacts 1 and 2 in Fig. 4 will be dominated by this constriction. The resistance of this constriction depends on the relative magnetization states of the central disks [20] . If the magnetization of both disks point either towards or away from the constriction we call the configuration Head-to-Head or Tail-to-Tail, respectively as depicted in the insets of Fig. 4 . The magnetic field lines caused by the magnetization of the disks are perpendicular to the current direction in the constriction. On the other hand, if the magnetization of the disks is in series (magnetization of one disk pointing toward the constriction and the other disk pointing away from the constriction, Head-to-Tail) the magnetic field lines in the constriction are parallel to the current direction. Because of an effect akin to anisotropic magnetoresistance (AMR), and associated with a magnetization dependence of the impurity The two central disks serve as two memory bits as well as two input bits of the logic device. The constriction between the two central disks is the key to reading-out the result. The resistance from contact 1 to 2 will be dominated by the constriction which is dependent on the magnetization configurations of the input bits. In this configuration the input bits have four possible magnetization states: twice "Head-to-Tail", "Head-to-Head", "Tail-to-Tail". Truth table as it could be programmed as an exclusive OR (A XOR B) gate.
wave functions in (Ga,Mn)As [20, 21] , the resistance of the constriction depends on the angle between the field lines and the current through the constriction allowing to determine the relative magnetization states of the two bits. The output of the logic operation is defined as "1", if the magnetic configuration of the disks is Head-to-Head or Tail-to-Tail and is "0", if the states are in Head-to-Tail configuration.
For e.g. an exclusive OR (A XOR B) logic element we define the magnetization direction of the disks pointing in 90
• as "1" and pointing along 180
• as "0". For the initial configuration both disks are in the "1" state and the magnetic configuration of the output is Headto-Tail and therefore "0". A switching current through disk "A" along 180
• switches the magnetization of disk "A" along 180
• changing the "A" input to "0". The relative magnetization is now Head-to-Head, as symbolized by configuration III in Fig. 4 and the XOR logic operation yields "1" as an output (III: 1 XOR 0 = 1). If disk B is also switched to the 180
• direction the device has again Head-to-Tail configuration and therefore yields "0" as output. The complete truth table is given in Fig.  4 .
The present results for electrically writing information into the read-write device, combined with the constriction read-out results of ref. [20] , provide all essential elements for the realization of our programmable logic element. In closing we stress that the functionality of the programmable logic scheme presented here can be straightforwardly extended to produce multi-purpose functional elements [22] , where the given geometry can be used as various different computational elements depending on the number of input bits and the chosen electrical addressing. Such a paradigm has technological advantages as it allows for the generation of entire computational circuits consisting of multiple identical elements, which can thus be easily, rapidly and cheaply produced by parallel lithography.
